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A Late Phase of Cerebellar Long-Term Depression
Requires Activation of CaMKIV and CREB
activation is mediated by phosphorylation of the tran-
scriptional regulatory residue Ser-133. Several kinases
are known to phosphorylate this residue, including
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Johns Hopkins University cAMP-dependent protein kinase (PKA), RSK2, mitogen-
activated protein kinase±activated protein kinase 2School of Medicine
Baltimore, Maryland 21205 (MAPKAPK2), and Ca21/calmodulin-dependent protein
kinase IV (CaMKIV). CaMKIV is a particularly interesting
activator because it has been shown, using hippocam-
pal neurons, that manipulations which interfere withSummary
CaMKIV signaling can block Ca21-mediated phosphory-
lation of CREB on Ser-133 (Bito et al., 1996; DeisserothRecently, it has been shown that cerebellar LTD has
et al., 1998). These manipulations include antisense nu-a late phase that may be blocked by protein synthesis
cleotides directed against CaMKIV or expression of ainhibitors. To understand the mechanisms underlying
nuclear CaM trap (which prevents activation of CaMKIV).the late phase, we interfered with the activation of
Alternatively, the Ras/MAPK/RSK2 pathway may medi-transcription factors that might couple synaptic acti-
ate glutamate induction of CREB phosphorylation andvation to protein synthesis. Particle-mediated trans-
CREB-mediated transcription in hippocampal and stria-fection of cultured Purkinje neurons with an expres-
tal neurons (Impey et al., 1998a; Vanhoutte et al., 1999).sion vector encoding a dominant inhibitory form of
Several lines of evidence have suggested that CREBCREB resulted in a nearly complete blockade of the
activation is necessary for the consolidation of certainlate phase. Kinases that activate CREB were inhibited,
forms of memory and the establishment of a late phaseand LTD was assessed. Inhibition of PKA or the MAPK/
of use-dependent increases in synaptic strength (seeRSK cascades were without effect on the late phase,
Silva et al., 1998, for review). In the Aplysia sensorimotorwhile constructs designed to interfere with CaMKIV
synapse in vitro, injection into the sensory cell nucleusfunction attenuated the late phase. These results indi-
of an excess of CRE oligonucleotide or of antibodiescate that the activation of CaMKIV and CREB are nec-
that inactivate an activator isoform of CREB can blockessary to establish a late phase of cerebellar LTD.
long-term but not short-term facilitation. Conversely,
injection of antibodies that inactivate a constitutively
expressed repressor isoform of CREB, or constitutivelyIntroduction
active CREB activator isoform protein, can convert
short-term facilitation into long-term (Dash et al., 1990;Treatments that interfere with protein synthesis have
been shown to block the time-dependent consolidation Bartsch et al., 1995, 1998). In Drosophila, induction of
a CREB repressor transgene was reported to block long-of labile short-term memory into a more permanent long-
term form (Davis and Squire, 1984; Matthies et al., 1990). term but not short-term memory of an olfactory learning
task (Yin et al., 1994), while expression of a CREB activa-A similar phenomenon has been shown for certain elec-
trophysiological model systems of memory such as hip- tor isoform enhanced long-term memory (Yin et al.,
1995). In rats, injection of CREB antisense oligonucleo-pocampal long-term potentiation (LTP) and long-term
heterosynaptic facilitation of sensorimotor synapses in tides into the hippocampus disrupts consolidation of a
spatial learning task (Guzowski and McGaugh, 1997),the marine mollusk Aplysia; application of RNA or pro-
tein synthesis inhibitors can suppress a late phase of while similar injections in the amygdala block the consol-
idation of the memory for conditioned taste aversionthese phenomena when given within a narrow temporal
window following induction (z30 min). More recently, (Lamprecht et al., 1997). Finally, mutant mice that lack
the a and d isoforms of CREB are impaired in both aattention has been focused upon molecular mecha-
nisms by which induction of LTP might regulate gene late phase of LTP and in long-term (but not short-term)
expression. One candidate mechanism involves the memory of certain behavioral tasks (Bourtchuladze et
cAMP response element±binding protein (CREB), a nu- al., 1994).
clear protein that regulates the transcription of genes In addition to LTP, there are patterns of synaptic stim-
with a CRE site in their promoter. CREB belongs to a ulation that have been shown to produce use-dependent
large family of transcription factors that contain basic synaptic weakening or long-term depression (LTD; see
leucine zipper domains and is capable of forming homo- Linden and Connor, 1995, for review). One particular
dimers or heterodimers with its closely related family form of LTD, found in the cerebellum, has been sug-
members, activating transcription factor±1 (ATF-1) or gested to underlie certain forms of motor learning
CREM. CREB is an attractive candidate for transducing (Thompson, 1986; Ito, 1989; Aiba et al., 1994; Conquet
neuronal activation into gene expression because, like et al., 1994; De Zeeuw et al., 1998). In cerebellar LTD,
LTP, it is activated by synaptic stimuli that strongly in- a peristent, input-specific attenuation of the parallel fi-
crease internal Ca21 concentration (Ginty, 1997). This ber±Purkinje neuron synapse is produced when parallel
fiber and climbing fiber inputs to a Purkinje neuron are
stimulated together at low frequency. Cerebellar LTD is* To whom correspondence should be addressed (e-mail: dlinden@
jhmi.edu). generally understood to have three initial requirements
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Figure 1. Transfection with a Dominant In-
hibitory Form of CREB Blocks a Late Phase of
LTD in Cultured Cerebellar Purkinje Neurons
(A) Following acquisition of baseline re-
sponses to glutamate test pulses, glutamate/
depolarization conjunction was applied at t 5
0 min (indicated by the heavy horizontal bar),
and then glutamate test pulses were resumed.
Each plot symbol represents the mean 6
SEM of the following populations: nontrans-
fected (n 5 7), GFP alone (n 5 14), empty
vector (n 5 6), A-CREB (n 5 7), and A-ATF2
(n 5 6). Current traces are single representa-
tive responses recorded at the times indi-
cated on the graph. Scale bars, 1 s, 40 pA.
(B) Control experiments to determine if
A-CREB transfection produces its suppres-
sion of the late phase of LTD through effects
on Ca21 influx and/or mobilization. Peak Ca21
transients were measured in proximal den-
dritic shafts of fura-2-loaded Purkinje cells
grown in culture. Ca21 transients evoked by
a 3 s depolarization to 0 mV in normal (2 mM)
external Ca21 were measured as an index of
voltage-gated Ca21 channel function. Ca21
transients evoked by a pulse of 100 mM quis-
qualate in 0 Ca21/0.2 mM EGTA external sa-
line (6 psi, 2 s) were measured as an index of
mGluR1 function. Bars represent the mean 6
SEM; n 5 5 cells/group for depolarization-
evoked Ca21 influx, and n 5 10 cells/group
for quisqualate-evoked Ca21 mobilization.
for induction: Ca21 influx through voltage-gated chan- this and other preparations are believed to be postsyn-
aptic. In addition, using a culture preparation, it hasnels triggered by the climbing fiber excitatory postsyn-
aptic potential and mGluR1 and AMPA receptor activa- been shown that cerebellar LTD has an input-specific
late phase that may be blocked by either transcriptiontion produced by the activation of parallel fibers. These
initial signals are followed by stimulation of protein ki- inhibitors, translation inhibitors, or somatic/nuclear re-
moval (Linden, 1996).nase C, the brief activation of which is also required.
The involvement of a nitric oxide/cGMP pathway in cere- At present, it has not been determined whether any
form of use-dependent synaptic weakening (in eitherbellar LTD induction remains controversial, with some
groups finding evidence for and others against this a vertebrate or invertebrate preparation) has a CREB-
dependent late phase. Likewise, a requirement for CaM-mechanism (see Daniel et al., 1998, for review).
By using cultured mouse Purkinje neurons bathed in KIV in the late phase of any form of LTP or LTD has not
been examined. This report utilizes pharmacological andtetrodotoxin, simplified postsynaptic preparations have
been developed for the study of cerebellar LTD in which particle-mediated gene transfer approaches in a cere-
bellar culture system to examine the role of CREB activa-iontophoretic glutamate pulses and Purkinje neuron de-
polarization are substituted for parallel fiber and climb- tion in cerebellar LTD.
ing fiber stimulation, respectively (Linden et al., 1991;
Narasimhan and Linden, 1996). LTD induced in this man- Results
ner may be seen as a reduction of the glutamate or
AMPA-gated current as measured with a patch elec- Perforated patch voltage-clamp recordings were made
trode attached to the Purkinje neuron soma. As such, from Purkinje neurons in cultures derived from embry-
onic mouse cerebellum. Following acquisition of base-both the induction and expression of cerebellar LTD in
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Table 1. Effects of CREB Signaling Treatments on Some Basal Properties of Purkinje Neurons in Culture
Treatment Rinput (MV) mEPSC frequency (s21) mEPSC amplitude (pA)
Nontransfected control 163 6 29 7.2 6 2.5 23 6 6
GFP alone 180 6 24 7.0 6 3.0 20 6 4
Empty vector 170 6 24 9.2 6 2.6 25 6 4
A-CREB 177 6 25 9.5 6 2.8 24 6 6
A-ATF2 190 6 32 8.5 6 2.1 19 6 5
KT5720, 10 mM 166 6 30 6.2 6 2.9 23 6 4
Rp-8CPT-cAMP-S, 100 mM 169 6 28 6.5 6 2.6 23 6 4
RSV±PKI 188 6 31 8.0 6 2.5 27 6 6
RSV±PKImut 192 6 27 9.5 6 3.1 26 6 6
KN-62, 10 mM 175 6 19 8.4 6 2.4 23 6 6
Calmidazolium, 50 mM 181 6 27 9.0 6 2.8 29 6 7
CaMKII(273±302)Ala286 202 6 31 8.1 6 2.5 23 6 5
deltaCaMKIV(i) 169 6 22 7.4 6 2.6 20 6 5
CaMKIV±dn 167 6 25 8.3 6 2.4 29 6 6
nuc(CaMBP)4 177 6 24 8.5 6 2.1 30 6 7
PD98059, 20 mM 169 6 18 9.9 6 3.2 25 6 6
PD98059, 100 mM 188 6 26 8.0 6 2.3 25 6 4
U0126, 20 mM 172 6 29 8.7 6 2.8 28 6 6
MEK1(KA97) 190 6 30 7.9 6 2.4 24 6 5
Values are mean 6 SEM; n 5 15 cells. All measures were made in tetrodotoxin-containing (0.5 mM) saline, using the same fura-2-loaded cells
in which [Ca]i measurements were made. Rinput was determined by measuring the sustained current deflection during a voltage step from 280
to 290 mV. mEPSCs were measured over a 5 min continuous interval prior to any additional manipulation (depolarization or quisqualate
application).
line responses to test pulses of glutamate, glutamate/ Purkinje neurons loaded with fura-2 and subjected to
the same depolarization pulse used in LTD induction (3depolarization conjunctive stimulation was applied, and
test pulses of glutamate were resumed to monitor the s pulse to 0 mV). Ca21 mobilization in the absence of
influx was measured in Purkinje neurons bathed in Ca21-time course of LTD (Figure 1A). As previously reported
(Linden, 1996), this treatment resulted in LTD that per- free external saline and stimulated with a micropressure
pulse of quisqualate, an mGluR agonist. The resultantsisted for the full duration of the monitoring period
(55% 6 8.2% of baseline at t 5 120 min, mean 6 SEM, Ca21 transient is triggered by an mGluR/IP3 pathway,
as it has been shown to be completely blocked by eithern 5 7). To test the hypothesis that the activation of
CREB is required for the late phase, Purkinje neurons an mGluR antagonist (MCPG) or a novel specific inositol-
1,4,5-trisphosphate (IP3) receptor±associated ion chan-were cotransfected with an expression vector encoding
a dominant inhibitory form of CREB (A-CREB) and jelly- nel blocker, xestospongin C (Narasimhan et al., 1998).
None of the transfections described above producedfish green fluorescent protein (GFP) by particle-mediated
gene transfer. A-CREB heterodimerizes with endoge- significant alterations of either Ca21 influx or mobiliza-
tion measures (Figure 1B). Likewise, these treatmentsnous CREB and its close relatives and inhibits their DNA
binding activities (Ahn et al., 1998). Following a 3±4 day did not significantly affect several basal parameters,
including Rinput, miniature excitatory postsynaptic cur-waiting period to allow for expression of the transfected
genes, GFP-positive cells selected with fluorescence rent (mEPSC) frequency, and mEPSC amplitude (Ta-
ble 1).microscopy were subjected to recordings as described
above. A-CREB-transfected cells exhibited LTD that ini- If CREB activation is necessary for the establishment
of a late phase of cerebellar LTD, then inhibition of thetially appeared normal (51% 6 7.6% of baseline at t 5
30 min, n 5 7) but that failed to establish a late phase kinase(s) that phosphorylate CREB at its activation site,
Ser-133, in response to LTD induction would be ex-(92% 6 8.6% of baseline at t 5 120 min). The time course
of this response is very similar to that produced by pected to block this late phase. To this end, protein
kinase inhibitors were applied immediately followingapplication of RNA or protein synthesis inhibitors (Lin-
den, 1996). Several controls were performed in which the LTD induction and were maintained in the bath during
monitoring of the time course (Figure 2A). Two differentlate phase of LTD remained intact, including transfection
with the empty A-CREB expression vector (52% 6 7.1% PKA inhibitor drugs (KT5720, Rp-8CPT-cAMP-S) were
without effect (57% 6 9.4% of baseline at t 5 120 minof baseline at t 5 120 min, n 5 6), GFP alone (55% 6
5.8% of baseline, n 5 14), and a similarly constructed and 51% 6 8.0% of baseline at t 5 120 min, n 5 6,
respectively). To confirm this negative result, PurkinjeAcidic-Zipper expression vector in which the leucine
zipper was derived from the transcription factor ATF-2 neurons were transfected with a PKA inhibitor construct
that uses a plasmid in which a Rous sarcoma virus(A-ATF2; 56% 6 9.6% of baseline, n 5 6). A-ATF2 does
not block CREB DNA binding activity (Ahn et al., 1998). promoter drives expression of a PKI peptide (RSV±PKI;
Day et al., 1989; Ginty et al., 1991) that inhibits cAMP-Previous work has established that LTD induction re-
quires both depolarization-evoked Ca21 influx and acti- dependent protein kinase types I and II (Glass et al.,
1989). A mutant PKI construct (RSV±PKImut; Day et al.,vation of mGluR1. As such, it is important to determine
if the transfections described above have side effects 1989; Ginty et al., 1991), which has no inhibitory activity
against protein kinases, was also used as a control.on either of these signaling processes. Depolarization-
evoked Ca21 influx was measured by ratio imaging in Neither construct altered the time course of LTD (56% 6
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Figure 2. CaMK Inhibitor Drugs Block a Late
Phase of LTD but Have Side Effects on Volt-
age-Gated Ca21 Influx
(A) Glutamate/depolarization conjunction
was applied at t 5 0 min (indicated by the
heavy horizontal bar), and then various drugs
were bath applied coincident with the re-
sumption of glutamate test pulses at t 5 3
min. Each plot symbol represents the mean 6
SEM of the following populations: KT5720
(n 5 6), Rp-8CPT-cAMP-S (n 5 6), RSV±PKI
(n 5 6), RSV±PKImut (n 5 5), KN-62 (n 5 8),
and calmidazolium (n 5 8). Current traces are
single representative responses recorded at
the times indicated on the graph. Scale bars,
1 s, 60 pA.
(B) Ca21 imaging control experiments were
performed as described for Figure 1. Bars
represent the mean 6 SEM; n 5 5 cells/group
for depolarization-evoked Ca21 influx, and
n 5 10 cells/group for quisqualate-evoked
Ca21 mobilization.
9.0% of baseline at t 5 120 min [n 5 6] and 58% 6 phase that was similar to that seen with dominant-nega-
tive CREB transfection (82% 6 8.1% of baseline at t 59.5% of baseline at t 5 120 min [n 5 5], respectively).
How can we be assured that these PKA inhibitors are 120 min, n 5 8, 96% 6 7.6% of baseline at t 5 120 min,
n 5 8, respectively). However, the CaMK inhibitors (butactive in the present conditions? Previous work from
this lab has shown that KT5720 (10 mM), when applied not the PKA inhibitors or RSV±PKI transfection) produced
a significant attenuation of depolarization-evoked Ca21to these cultures, can block the enhancement of Purkinje
neuron mEPSC frequency produced by application of influx (Figure 2B). A similar result was found with the
CaMK inhibitor KN-93 when applied at a concentrationa cAMP analog (Storm et al., 1998). In addition, bath
application of KT5720 (10 mM) or Rp-8CPT-cAMP-S (100 of 10 mM (data not shown). These results are consistent
with reports that have shown these compounds to blockmM), or transfection of granule cells with RSV±PKI (but
not RSV±PKImut), can block cerebellar LTP in granule voltage-gated Ca21 currents in a wide variety of excit-
able cells (Enyeart et al., 1987; Klockner and Isenberg,cell±Purkinje neuron pairs (D. J. L. and S. A., unpublished
data). These drugs produced a small decrease in 1987; Li et al., 1992; Sirha and Pearson, 1995; but see
Wyllie and Nicoll, 1994).mEPSC frequency, but this decrease did not reach sta-
tistical significance when compared with a nontrans- While the application protocol described above is de-
signed to minimize the effect of the drugs on inductionfected control (Table 1; n 5 15 cells/group, p . 10 for
both by Student's t test). processes, it remains possible that the Ca21 signaling
requirements for LTD induction slightly outlast the dura-In contrast, two different inhibitors of CaMKs (KN-
62, calmidazolium) produced a suppression of the late tion of the pairing stimuli and therefore could be altered
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Figure 3. Manipulations that Inhibit CaMKIV
Block a Late Phase of Cerebellar LTD
(A) Cerebellar LTD was induced by glutamate/
depolarization conjunction as measured with
glutamate test pulses as described for Figure
1. Each plot symbol represents the mean 6
SEM of the following populations: CaM-
KII(273±302)Ala286 (n 5 7), deltaCaMKIV(i) (n 5
6), CaMKIV±dn (n 5 6), and nuc(CaMBP)4 (n 5
5). Current traces are single representative
responses recorded at the times indicated on
the graph. Scale bars, 1 s, 60 pA.
(B) Ca21 imaging control experiments were
performed as described for Figure 1. Bars
represent the mean 6 SEM; n 5 5 cells/group
for depolarization-evoked Ca21 influx, and
n 5 10 cells/group for quisqualate-evoked
Ca21 mobilization.
by these bath-applied CaMK inhibitors. One way to which CaMK is responsible, as both the drugs (Enslen
et al., 1994) and the peptide inhibitors (Tokumitsu et al.,avoid the side effects of these CaMK inhibitors is to use
CaMK inhibitory peptides, which we have found do not 1994; Tokumitsu and Soderling, 1996) inhibit multiple
types of CaMKs. Purkinje neurons from young rodentseffect Ca21 influx or mobilization when delivered to Pur-
kinje neurons with a whole-cell patch pipette (data not have been reported to express CaMKI, CaMKII (a, b,
and g isoforms), and CaMKIV (Walaas et al., 1988; Saka-shown). Unfortunately, it is extremely difficult to make
stable 235 min long recordings from Purkinje neurons gami et al., 1992; Sakagami and Kondo, 1993b; Sawa-
mura et al., 1996).in whole-cell mode, and the peptides will not pass the
amphotericin B pore that provides transmembrane ac- To determine the specific CaMK involved in the late
phase, three different lines of inquiry were attempted.cess in the present perforated patch recordings. To
solve this problem, Purkinje neurons were transfected First, Purkinje neurons were transfected with expression
vectors encoding two different dominant-negative con-with an SRa expression vector encoding the CaMK in-
hibitory peptide CaMKII(273±302)Ala286 (Griffith et al., structs of CaMKIV, pSG5±CaMKIV(i) (Ho et al., 1996)
and pCDNA3±CaMKIV±dn. The latter construct (kindly1993). This manipulation suppressed the late phase of
LTD (89% 6 8.3% of baseline at t 5 120 min, n 5 7) provided by T. R. Soderling) contained multiple muta-
tions: (1) mutation of HMDT308 to DEDD in the autoinhib-but did not alter either voltage-gated Ca21 channel or
mGluR1 function (Figure 3). This result suggests that itor domain to make it independent of Ca21/CaM, (2)
mutation of T196A, which prevents activation by CaMKthe activation of a CaMK is required to engage a late
phase of cerebellar LTD. However, it does not determine kinase, and (3) mutation of K71E in the catalytic site,
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which renders the kinase inactive (Tokumitsu et al., against phospho-MAPK that revealed substantial block-
1994; Tokumitsu and Soderling, 1996). Transfection of ade by both drugs (PD98059: 20 and 100 mM, 94% and
this dominant-negative mutant blocks ionophore-trig- 98% inhibition, respectively; U0126: 20 mM, 99% inhibi-
gered activation of CaMKIV in several cell lines (T. R. tion). To further examine the role of the MAPK pathway,
Soderling, personal communication). First, Purkinje neu- Purkinje cells were transfected with an expression vec-
rons expressing either of the dominant-negative CaM- tor encoding a dominant-negative form of MEK (Seger
KIV constructs failed to exhibit a late phase (91% 6 et al., 1994). Transfection with MEK1(KA97) resulted in
8.3% of baseline at t 5 120 min, n 5 6, and 99% 6 7.9% an attenuation of both the initial (85% 6 9.9% of baseline
of baseline at t 5 120 min, n 5 6, respectively). Second, at t 5 5 min, n 5 5) and persistent (88% 6 8.6% of
since CaMKIV is localized to the nucleus and therefore baseline at t 5 120 min) amplitudes of LTD in a manner
requires elevations in nuclear Ca21/CaM, this process similar that seen with to pretreatment with 100 mM
was blocked by transfecting cells with an expression PD98059. The effects of these MAPK signaling manipu-
vector encoding a CaM trap (derived from the CaM bind- lations on LTD induction may be understood in terms
ing site of myosin light chain kinase) coupled with a of their effects on mGluR1. A significant attenuation of
nuclear localization signal [pSVL±n(CaMBP)4] (Wang et peak mGluR1-evoked Ca21 mobilization was produced
al., 1995). This manipulation, which has previously been by transfection with dominant-negative MEK (84 6 17
shown to block CREB Ser-133 phosphorylation in re- nM, n 5 5), or treatment with 20 mM U0126 (80 6 15
sponse to electrical activation of cultured hippocampal nM, n 5 5) or 100 mM PD98059 (96 6 19 nM, n 5 5),
neurons (Deisseroth et al., 1998), was effective in but not 20 mM PD98059 (187 6 30 nM, n 5 5) as com-
blocking the establishment of a late phase of LTD in a pared with a control (170 6 32 nM, n 5 5). Thus, the
manner similar to that of dominant-negative CaMKIV effects of these manipulations on mGluR1-evoked Ca21
(95% 6 8.4% of baseline at t 5 120 min, n 5 5). Third, mobilization corresponded with their effects on LTD in-
if the activation of CaMKs is required for the establish- duction. However, these treatments did not significantly
ment of the late phase, then perhaps the late phase affect depolarization-evoked Ca21 influx. While the ob-
could be occluded by constitutive activation of CaMKs. servation that three different manipulations that blocked
Unfortunately, in our hands, transfection with expres- MAPK signaling all attenuated mGluR1-evoked Ca21
sion vectors encoding constitutively active forms of ei- mobilization suggests cross talk between these path-
ther CaMKII (SRa±aCaMKII±T268D; Nghiem et al., 1994) ways, it should be noted that 20 mM PD09059 produced
or CaMKIV (pSG5±CaMKIV[c]; Miranti et al., 1995) ren- a 94% inhibition of MEK activity and yet failed to signifi-
dered the cells insufficiently healthy for long-term cantly alter mGluR1-evoked Ca21 mobilization, raising
recording. None of the constructs described above sig- the possibility that the effect of this drug may be nonspe-
nificantly altered Ca21 influx or mobilization control mea- cific or indirect.
sures. While [pSVL±n(CaMBP)4] did slightly reduce de-
polarization-evoked Ca21 influx (415 6 55 nM, n 5 5), Discussion
and the mutant aCaMKII slightly enhanced it (584 6 62
nM, n 5 5), these differences were not significant when
The main finding of this study is that the activation of
compared with GFP alone (475 6 52 nM, n 5 5, p .
both CaMKIV and CREB is required to establish a late
0.10 for both).
phase of cerebellar LTD in culture. Because LTD was
Activation of the Ras/MEK/MAPK/RSK2 pathway also
induced and monitored in a way that did not recruitresults in Ser-133 CREB phosphorylation and has been
neurotransmitter release, it may be concluded that thesesuggested to be important for a late phase of LTP in
processes are enaged in the postsynaptic cell, the Pur-the hippocampus and amygdala as well as for certain
kinje neuron. To our knowledge, these findings repre-forms of long-term memory (Brambilla et al., 1997; En-
sent the first evidence of the involvement of CREB in anyglish and Sweatt, 1997; Atkins et al., 1998; Blum et al.,
form of use-dependent decrease in synaptic strength (in1999; Coogan et al., 1999). To address the potential role
either vertebrate or invertebrate preparations) and theof MAPK signaling in cerebellar LTD, we have applied
first direct evidence for the involvement of CaMKIV indrugs to inhibit MAPK/ERK kinase (MEK), the enzyme
any form of use-dependent synaptic plasticity, as hasresponsible for phosphorylating and thereby activating
been suggested by a set of immunocytochemical andERK1/ERK2 (Figure 4). The drugs PD98059 (100 mM)
Ca21 imaging studies (Bito et al., 1996; Deisseroth et al.,and U0126 (20 mM), which are thought to inhibit MEK
1996, 1998; Hardingham et al., 1997). Indeed, this is theby different mechanisms (Alessi et al., 1995; Favata et
first direct evidence of the involvement of CaMKIV inal., 1998), failed to alter the time course of LTD when
any aspect of neuronal physiology.applied immediately after LTD induction (56% 6 8.1%
A secondary finding of this study is that three distinctand 54% 6 8.9% of baseline at t 5 115 min, respectively,
manipulations that inhibit MEK attenuate mGluR1-n 5 6/group). However, when 100 mM PD98059 was
evoked Ca21 mobilization, suggesting a particular formapplied 10 min prior to LTD induction, the initial ampli-
of physiological cross talk between these importanttude of LTD was reduced (84% 6 9.5% of baseline at
biochemical pathways. This cross talk could impactt 5 5 min, n 5 7), and this reduced amplitude persisted
mGluR1 signaling at any one of several points, includingfor the duration of the recording (86% 6 9.2% of baseline
mGluR1 itself, its coupling to phospholipase C, or theat t 5 120 min). A lower dose of PD98059 (20 mM),
IP3 receptor±gated internal Ca21 store. Several reportsapplied at t 5 210, min had no significant effect. To
using biochemical assays have shown that stimulationassess the efficacy of these drugs, brain-derived neuro-
of mGluRs in neurons (Kurino et al., 1995; Vincent et al.,trophic factor± (BDNF-) induced MAPK activation was
measured by Western blot analysis with an antibody 1998) or glia (Peavy and Conn, 1998) can give rise to
Cerebellar Late Phase Requires CREB and CaMKIV
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Figure 4. Manipulations that Block MAPK
Signaling Do Not Alter a Late Phase of Cere-
bellar LTD but Do Attenuate LTD Induction
and mGluR1-Evoked Ca21 Mobilization
(A) Glutamate/depolarization conjunction
was applied at t 5 0 min (indicated by the
heavy horizontal bar), and drugs were bath
applied either coincident with the resumption
of glutamate test pulses at t 5 3 min (indi-
cated by a light horizontal bar) or prior to LTD
induction at t 5 210 min (also indicated by
a light horizontal bar). Each plot symbol rep-
resents the mean 6 SEM of the following pop-
ulations: PD98059, 100 mM: t 5 3 min (n 5
6); PD98059, 100 mM: t 5 210 min (n 5 7);
PD98059, 20 mM: t 5 210 min (n 5 7); U0126,
20 mM: t 5 3 min (n 5 6); and MEK1(KA97)-
transfected (n 5 5). Current traces are single
representative responses recorded at the
times indicated on the graph. Scale bars, 1
s, 50 pA.
(B) Ca21 imaging control experiments were
performed as described for Figure 1. Bars
represent the mean 6 SEM; n 5 5 cells/group
for depolarization-evoked Ca21 influx, and
n 5 10 cells/group for quisqualate-evoked
Ca21 mobilization. The control group is the
same as that shown in Figure 1B ªnontrans-
fectedº and is included here for comparison.
activation of the MAPK cascade. The present results 1993a), suggesting that this pathway may not necessar-
ily underlie a late phase of cerebellar LTD throughout(Figure 4B) suggest that this regulation may be bidirec-
tional. the lifespan.
Hippocampal LTP has a protein synthesis±dependentThere are caveats that should be sounded in interpre-
ting the present results. First, while it is tempting to late phase (see Abraham and Otani, 1991, for review)
that is attenuated in mutant mice that lack a and dspeculate that phosphorylation of CREB on Ser-133 by
CaMKIV is required for the late phase of cerebellar LTD, isoforms of CREB (Bourtchuladze et al., 1994). Further-
more, induction of the late phase of hippocampal LTPit should be emphasized that there is no direct evidence
that this is the case. The requirement for CREB activa- or training mice in a hippocampus-dependent learning
task (contextual conditioning) is associated with an in-tion could represent the action of yet another pathway
that results in Ser-133 phosphorylation. Likewise, the crease in expression of a CRE-lacZ transgene (Impey
et al., 1996, 1998b). It has been suggested that the laterequirement for CaMKIV could indicate the action of
CaMKIV upon some other portion of the transcriptional phase of hippocampal LTP is triggered by the PKA-
dependent activation of CREB, as it may be blocked byregulatory apparatus, as has recently been demon-
strated for the transcriptional coactivator protein CBP PKA inhibitors (Matthies and Reymann, 1993; Huang
and Kandel, 1994) and mimicked by exogenous cAMP(Chawla et al., 1998; Hu et al., 1999). Second, while
CaMKIV is strongly expressed in the nucleus of neonatal analogs (Frey et al., 1993). PKA could potentially act
either directly, phosphorylating Ser-133, or indirectly,Purkinje neurons and in our present cultures (data not
shown), adult Purkinje neurons express CaMKIV only by promoting translocation of MAPK to the nucleus (Im-
pey et al., 1998a). The present findings that PKA andweakly (Sakagami et al., 1992; Sakagami and Kondo,
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days in vitro (DIV), a fraction of gold particles (0.6 mm, 25 mg) thatMAPK activation are not required for a late phase of
were coated with 50 mg of enhanced GFP plasmid (Clontech) andcerebellar LTD highlight an important distinction be-
50 mg of various expression vectors were delivered by particle-tween this phenomenon and hippocampal LTP.
mediated gene transfer using the Helios Gene Gun System (BioRad)
Does CaMKIV activation also contribute to CREB as described (Qian et al., 1998). Cultures were then returned to the
phosphorylation and/or the late phase of hippocampal incubator and maintained for a total of 7±8 DIV at the time of use
in recording or imaging experiments. Transfected Purkinje neuronsLTP? In cultured hippocampal neurons, it has been
were identified by imaging GFP signals with 488 nm illumination.shown that activation with high [K1]o external saline or
Identification of Purkinje cells at this early stage is much easier infield electrical stimulation sufficient to recruit synaptic
GFP-filled (as opposed to nontransfected) cells and was confirmedfiring results in CREB Ser-133 phosphorylation (Deisser-
by a unique electrophysiological signature (BK channel openings
oth et al., 1996) that is blocked by treatments that inter- observed in whole-cell mode). Patch electrodes attached to Purkinje
fere with CaMKIV signaling (Bito et al., 1996; Deisseroth neuron somata were filled with a solution containing Cs2SO4 (95
mM), CsCl (15 mM), MgCl2 (8 mM), and HEPES (10 mM [pH 7.35et al., 1998). However, in another study using hippocam-
with CsOH]). Electrode tips were filled with a small amount of thispal neurons, stimulation of a CRE-lacZ transgene by
solution, and the shanks backfilled with this solution, supplementedhigh [K1]o external saline was not attenuated by trans-
with amphotericin B at a concentration of 300 mg/ml. Stable accessfection with the CaMKIV±dn construct used herein (Im-
resistance of ,15 MV could be obtained within 10 min of gigaseal
pey et al., 1998a). One possibility is that in hippocampal formation. A holding potential of 270 mV was imposed. Ionto-
neurons, the duration of CaMKIV-mediated phosphory- phoresis electrodes (1 mm tip diameter) were filled with 10 mM
glutamate (in 10 mM HEPES [pH 7.1 with NaOH]) and were posi-lation of CREB Ser-133 is critical for determining
tioned z20 mm away from large caliber dendrites. Test pulses ofwhether it contributed to CRE-mediated transcription.
glutamate were delivered using negative current pulses (600±900At present, the late phase of hippocampal LTP (or LTD)
nA, 40±110 ms duration, 0.05 Hz). After acquisition of baseline re-has not been assessed by using treatments to interfere
sponses, six conjunctive stimuli were applied, each consisting of a
with CaMKIV. glutamate test pulse combined with a 3 s depolarization step to 0
The potential role of CaMKII in transducing activity- mV. Cells were bathed in NaCl (140 mM), KCl (5 mM), CaCl2 (2 mM),
MgCl2 (0.8 mM), HEPES (10 mM), glucose (10 mM), tetrodotoxindependent Ca21 transients into transcriptional events
(0.0005 mM), and picrotoxin (0.2 mM), adjusted to pH 7.35 withremains less than clear. While most forms of CaMKII
NaOH, which flowed at a rate of 0.5 ml/min. Patch electrodes wereare excluded from the nucleus, a small subset of CaMKII
pulled from N51A glass and polished to yield a resistance of 3±5isoforms (including aB, gA, and dB) has a nuclear localiza- MV. Membrane currents were recorded with an Axopatch 200A
tion signal inserted by alternative splicing (Heist and amplifier. Experiments were conducted at room temperature.
Schulman, 1998). Once in the nucleus, CaMKII does not
appear to activate CREB-dependent gene expression
Ca21 Imaging(Matthews et al., 1994; Sun et al., 1994). In fact, phos-
Fura-2 ratio imaging of intracellular free Ca21 was accomplished byphorylation of Ser-142 on CREB by CaMKII appears to
measuring the background-corrected fluorescence ratio at 340 and
inhibit transcriptional activation of CREB (Sun et al., 380 nm excitation using a cooled charge-coupled device camera
1994). Purkinje neurons express aCaMKII throughout system (Linden et al., 1995). Enhanced GFP is weakly excited by
development and dCaMKII in the early postnatal period illumination in the 380±400 nm spectrum. Based upon the band-
pass characteristics of our excitation filters and the absorption(Walaas et al., 1988; Sakagami et al., 1992; Sakagami
spectrum of enhanced green fluorescent protein, we estimate thatand Kondo, 1993b). Future experiments will evaluate the
,1% of the signal at 340 nm excitation and ,5% of the signal atlate phase of LTP in Purkinje neurons from aCaMKII null
380 nm are contributed by GFP. This could lead to a small (,5%)
mice to address this issue. systematic underestimation of Ca21 concentration that should dis-
The present findings suggest several further avenues tribute randomly across transfected experimental groups.
for investigation. One would be to analyze the biochemi-
cal correlates of late phase cerebellar LTD in conjunction
MAPK Assaywith manipulations of protein kinases. Specifically, it
Cultures were treated with indicated amounts of inhibitors 30 minwould be worthwhile to test the prediction that the phos-
prior to and during BDNF treatment (100 ng/ml). Then, whole-cell
phorylation state of CREB Ser-133 and CREB-mediated lysates were prepared, proteins were resolved by SDS±PAGE and
transcription at some time point following LTD induction transferred onto polyvinylidene difluoride membrane, and Western
blot analysis was performed with an antibody against either phos-correlates with the expression of a late phase of cerebel-
pho-MAPK (NEB, 1:1,000) or MAPK (UBI, 1:1,000). The extent oflar LTD. Unfortunately, because cerebellar LTD cannot
MAPK activation was determined by densitometric analysis.be induced in a large population of enriched Purkinje
neurons, this is limited to single-cell analysis of Purkinje
neurons patched one by one and subjected to gluta- Acknowledgments
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